objective To provide baseline information about suspected vectors and the incidence, distribution and an active zone of transmission for cutaneous leishmaniasis (CL) in Chitral, Pakistan, using GIS tools; and to investigate the role of environmental factors in the disease dynamics.
Introduction
The leishmaniases are parasitic diseases of multifaceted clinical manifestations, widespread in the Old and New Worlds, with great epidemiological diversity [1] . There are approximately 700 known species of sand-flies in the world, of which 30 species belong to the genus Phlebotomus and Lutzomyia that act as a vector of leishmaniasis [2] . In the Old World vector species include P. paptasi, P. duboscqi [3] , P. sergenti [4] , P. salehi [5] , P. longiductus and P. smirnovi [6] ; while the parasites include Leishmania major, L. tropica, L. infantum and, less frequently, L. aethiopica [7] .
Leishmania parasites cause four main clinical forms of leishmaniasis-according to their location in the mammalian tissues-referred to as visceral, cutaneous, diffuse cutaneous and mucocutaneous leishmaniasis. The most common form is cutaneous leishmaniasis (CL) [8] . CL displays two epidemiological routes of transmission, zoonotic cutaneous leishmaniasis (ZCL)-which includes animal reservoir hosts in the transmission cycle-and anthroponotic cutaneous leishmaniasis (ACL), where man is the sole source of infection for the vector [9, 10] . Zoonotic disease due to Leishmania major is the main type of leishmanial disease in Pakistan [10] , while CL due to Leishmania tropica appears to be an emerging disease in Khyber Pakhtunkhwa (KP) province and neighbouring Afghanistan [11] .
A total of 37 sand fly species are known to occur in Pakistan [12] , of which many are suspected vectors such as Phlebotomus papatasi, which is a widespread vector of sand fly fever in West Pakistan and Phlebotomus sergenti, which is probably the local vector of Leishmania tropica [13] .
Although no area in Pakistan seems immune to CL, it is more prevalent in Baluchistan and KP province with regular reports of new endemic foci [10] . Another more threatening form, visceral leishmaniasis (VL) caused by Leishmania donovani, mostly occurs in uplands of Pakistan including Chitral, Hazara division, northern areas and Azad Kashmir [14, 15] .
Chitral is the northernmost district of KP is strategically located in the Hindukush range at the base of mount Tirich Mir. For centuries, the region has provided one of the ancient trans-mountainous trade links between the Indian subcontinent and Central Asia [16] . During the Afghanistan war, Chitral hosted many Afghan refugees. Until the 1980s, the district had poor medical services and dermatological care was non-existent. The Aga Khan Central Health Board for Pakistan in collaboration with the Pakistan Association of Dermatologists organised free skin health camps in August and September 1985, to determine the prevalence of skin diseases in the area. Not a single case of CL was reported in the survey, but it was acknowledged that the influx of Afghan refugees was accompanied by diseases such as CL to the region [17] . In contrast the other, more fatal form of leishmaniasis, namely kala azar or VL, has always been a priority health problem in Chitral [14] .
Today, the area is also an emerging focal point for CL, with numerous reports each year. Unfortunately, the sand fly fauna of the region is quite unknown. Annandale was the first who reported Sergentomyia babu under the name of Phlebotomus babu from the Drosh area (lower Chitral) [18] . Later on, Sinton reported P. papatasi from lower Chitral [19] . To date, no comprehensive surveys of sand-flies exist in both upper and lower divisions of Chitral, where local health officials claim that CL has grown in intensity.
Here, we provide baseline information about suspected vectors and the incidence, distribution and an active zone of transmission for CL in Chitral using GIS tools. We also investigated the role of environmental factors in the disease dynamics of the region.
Materials and methods

Study area
Chitral District is a mountainous area of the Hindukush with elevation ranging from 1067 m at Arandu to 7682 m at Tirich Mir. This variation in altitude divides Chitral into 30 valleys with a population of 360 000 heads in 42 500 households [20] .
Sampling and sand fly identifications
Two sampling surveys were carried out to determine the composition of the sand fly fauna and identify suspected vectors. The first survey took place in Charun village from May 2013 to January 2014, although the seasonal activity of sand-flies is reduced during the winter months, and flies were actually collected from May to October.
The second survey was conducted from July to September 2016.
The Flit method was used for indoor sampling [21, 22] , and the sand-flies were kept in Eppendorf tubes containing Berles medium for longer durations to ensure proper clearing. Permanent slides of sand-flies were subsequently made. For taxonomic identification, primary help was sought from the keys described by Artemiew (1977) [23] .
Prevalence data
The prevalence of CL was calculated from records of District Health Information System, Chitral, spanning January 2012 to January 2016. A total of 1560 cases of CL were reported in the district during this time period with most reports coming from Tehsil Chitral (1248) and the fewest from Tehsil Mastuj (312). The aggregated data came from all government medical institutions (n = 67) of the district including basic health units (n = 19), civil dispensaries (n = 38), rural health centres (n = 6), Tehsil headquarter hospitals (n = 3) and district headquarter hospital (n = 1). Choropleth maps were designed in Arc-GIS 10.1 to determine the districts at higher risk of CL. Initially, the quantile method was used for classifying choropleth maps; however, classes with no data and minimal incidence were placed in one category. Thus, we used a manual classification method for establishing classes and identified four classes excluding the union councils with no data available. Cut-off values were identified based on the distribution of histograms.
Occurrence records for leishmaniasis
We gathered anonymous community-specific data pertaining to 315 CL infections from health records of DHQ hospital. Location-specific geographic coordinates were collected through Google Earth. Repeated records (i.e. more than 1 point within~30-m grid cell) were removed.
Environmental risk modelling
MaxEnt 3.3.3 [24] was further used for environmental risk modelling of CL transmission. To minimise sampling biasness often incurred in the presence only data, we generated a bias grid by deriving a Gaussian Kernel Density map of the occurrence locations [25, 26] .
Environmental variable selection
The distribution of vector-borne disease depends on vector abundance, survival and biting frequency and the parasite's incubation period. All these factors are strongly influenced by environmental conditions. Thus, to determine the impact of environmental variations on disease transmission, we identified five potential environmental and demographic variables and determined their ecological associations with the CL distribution using MaxEnt algorithm. These were as follows:
• Human population density, derived from the World Population dataset (Worldpop.org) at 100 m (approx.) spatial resolution at the equator [27] ;
• Precipitation variables including annual precipitation and precipitation of the warmest quarter, derived from bioclimatic variables at 1-km (approx.) resolution [28] ;
• Temperature, using annual temperature, temperature of the coldest month and temperature of the warmest quarter to model the distribution of disease. These variables are derived from bioclimatic datasets at a spatial resolution of 1 km [28] ;
• Land use/Land cover information derived from a classified map of Landsat 8 imagery [29] at 30 m resolution. Five classes were identified: snow-covered mountains, mountain debris, vegetation cover, deforestation and build-up and water streams;
• Elevation, using a digital elevation model derived from Global Shuttle Radar Topography Mission (SRTM) [30] at a spatial resolution of 90 m for the study area. Spatial resolutions of all variables were resampled to 30 m using resampling tool in Arcmap 10.1".
Model selection, parameterisation and predictive performance
MaxEnt is widely used to determine the impact of ecological conditions on the distribution of vector-borne disease [31] [32] [33] . The input data are the known occurrence points and digital environmental layers. Analysis of variable contribution and response curves is further used to estimate the response of environmental variables in disease spread.
MaxEnt is known for its better performance [34] . The algorithm estimates the potential distribution of maximum entropy (closest to uniform), based on constraints imposed by observed occurrences and respective environmental conditions. The maximum entropy that satisfies these constraints is thus predicted providing the least biased description for the given dataset.
In this study, we used default settings for regularisation parameter and convergence thresholds. The logistic model was used to predict the probability of distribution between 0 and 1 for infections presence per pixel of the map. To test the predictive performance of models we used area under curve [35, 36] and True skill statistics [37] .
Ethics
Data were acquired from public domains without patients' names and personal information.
Results
Prevalence of cutaneous leishmaniasis
Our results based on DHIS data spanning the period January 2012 to January 2016 reveal a CL prevalence of 0.47% for Chitral. All cases were identified with dry type of lesion. The number of CL cases and population size for each union council (UC) is provided in Table 1 .
A choropleth map (generated in Arcmap 10.1) demonstrates the prevalence of CL in each union council 
Environmental risk mapping of cutaneous leishmaniasis
An environmental risk map (MaxEnt) based on leishmaniasis occurrence records further defines the active zone of transmission in Chitral (Figure 2 ). The parasite is active in the low-altitude valleys where deforestation and urbanisation are rampant, as shown by the brown streaks in the land use/land cover map (Figure 2b-d) . Sites with habitat fragmentation, patchy vegetation and human build-up also increase the parasitic burden of CL as shown by high probability of the presence (0.6-1) of leishmaniasis ( Figure 2a ). In contrast, CL is negligible on the periphery characterised by snow cover, higher elevations and green forests (Figure 2b,d ).
Environmental variable contribution in model predictions
Estimates of relative contributions of the environmental variables in model predictions are given in Table 2 . These results indicate that environmental variables such as elevation (DEM), population density, land use/land cover (LULC) and temperature of warmest and coldest quarter are contributing significantly in disease modelling. The response curves created by MaxEnt are indicative of how CL responds to certain environmental variables (Figure 3 ).
• Precipitation: An amount between 200-800 mm is preferable for propagation of parasite thus the prevalence of disease is greater along wet gradients of the region. 
Evaluation of model performance
Three methods were used, to evaluate model performance. They include AUC, TSS (True Skill Statistics) and Kappa. AUC is currently the standard method for predicting accuracy of models. However, AUC is not a recommended measure, as it ignores the probability of the presence and weights omission and commission errors equally [38] .
True skill statistics is a simple and intuitive measure for the performance of species distribution models [37] . MaxEnt does not offer this method of accuracy assessment. TSS is a measure of sensitivity and specificity, calculated using logistic predictions from test datasets and background predictions. The values are calculated using MS Excel using formulas given below [37] . 
Where; Sensitivity = a/(a+c) Specificity = d/(b+d) where; a, number of cells for which the presence was correctly predicted by the model. b, number of cells for which the species was not found but the model predicted the presence.
c, number of cells for which the species was found but the model predicted the absence.
d, number of cells for which the absence was correctly predicted by the model. Table 3 indicates the values of AUC and TSS for our models.
Sand fly fauna in Chitral
During the years 2014 and 2016, an indoor collection of 769 sand-flies from various villages of district Chitral yielded 14 Phlebotomus and six Sergentomyia species.
Phlebotomines (99%) dominated the Sergentomyia (1%) in numbers. Phlebotomus papatasi (71%) was the dominant species of the region followed by P. sergenti (18%). Overall, females dominated in numbers. The number of males and females of the two potential vector species are listed separately for the two collections of 2014 and 2016 (Tables 4 and 5 ).
Discussion
Ecological niche modelling of vectors and/or pathogens may have a strong impact on the development of control strategies against the respective vector-borne diseases [39] . High-resolution spatial satellite imagery has been employed by a number of recent studies in mapping CL and identifying potential risk zones at local and global levels [39] [40] [41] [42] . The present study also identified a zone of CL transmission in Chitral, Pakistan.
Pakistan is particularly important with respect to leishmaniasis due to occurrence of both ACL and ZCL caused by L. tropica and L. major [43] . The majority of leishmaniasis cases are ACL caused by L. tropica [44] ; confirmed by the currebt study thus deeming L. tropica responsible for the occurrence of disease in the study area [45] . Human population density plays a key role in the spread and distribution of CL, for two major reasons: It is a variable of basic reproduction number for vectorborne disease, and humans are a host reservoir for the ACL parasite, so ACL can be predicted to be more prevalent in areas with high-population density (Figure 2c ).
There is clear evidence that climatic variations significantly contribute to disease dynamics of CL [46, 47] . (14)), (e) population density, (f) precipitation of warmest quarter, (g) temperature of coldest quarter and (h) temperature of warmest quarter. Greater values of AUC and TSS suggest that our models performed fairly well.
Seasonal patterns of disease incidence suggest that CL transmission is sensitive to physical conditions [38] .
Weather and climate variations restrict or aggravate favourable conditions for disease transmission, for example increased humidity affect the growth and development of leishmanial parasite by decreasing its incubation period [48] . The present study reveals the significance of a number of climatic factors in CL transmission such as temperature variations (Table 2) . Precipitation and subsequent events like the El-Nino Southern Oscillation (ENSO) [38] affect CL transmission. El-Nino is the dominant mode of interannual climatic variability on a planetary scale that negatively impacts the Pakistani monsoon rainfall system [49] . This sensitivity arises because the climate directly affects the abundance of sand-flies and how quickly the parasites replicate [38] . Association patterns of CL and sand fly abundance with climate change events like ENSO have been shown in many parts of the world [50, 51] . In addition, temperature is an important factor in regulating the morphogenesis and growth of disease parasite [52] .
Land use/land cover is considered a significant variable that affects the local disease patterns [53] . The deforestation of natural ecosystems into urban areas, croplands and ranching create supportive habitats for parasites and host vectors [54] . Deforestation cannot be ignored in transmission of vector-borne diseases. Changes in vector ecology, behaviour and disease patterns have often been attributed to human activity near and within forest [55] . Rapidly changing environmental conditions in many tropical regions caused by habitat destruction, such as that associated with deforestation/urbanisation processes, have an enormous influence on vector populations and consequently on disease transmission. As a result, outbreaks of CL and visceral leishmaniasis (VL) have appeared for the first time in urban environments of Latin America [56] . Deforestation is a major environmental challenge in the mountain areas of Pakistan, especially Chitral [57] . Our results clearly define a zone of transmission for CL concentrated in Chitral's deforested lowland valleys.
Chitral is characterised by variations in elevation gradient, which is a principal determinant of temperature, and strongly influences precipitation [58] . Leishmanial distribution has been frequently associated with topographical variations [42, 59, 60] .
Studies demonstrate that ZCL and ACL actively prevail in areas below 700 m elevation [42, 60] with no ACL transmission above 850 m [53] . In contrast, high-altitude areas like Chitral present an active zone of transmission at a height of 1300-2100 m (Figure 3c ). Endemic highland foci exist in other parts of the world, for instance Ethiopia, where they lie at heights of 1400-2700 m asl [41] . Thus sand fly vectors harbouring the leishmanial parasites in high-altitude areas are physiologically adapted to local elevation gradients.
The present study shows a rich sand fly faunal composition in Chitral (Tables 4 and 5 ). Phlebotomus papatasi is the most dominant species (71%), followed by 
In contrast, the neighbouring district Dir shows P. salengensis to be the most dominant species, followed by P. sergenti [2] . In Peshawar, Sergentomyia sp. surpasses genus Phelobotomus in number [61] . In North Waziristan Agency, P. sergenti dominates the sand fly fauna followed by P. papatasi [22] .
Our results indicate elevation to be the most significant factor increasing probability of occurrence of CL (54.4%). Figure 4 also indicates a possible role of elevation in the distribution of vector species. It shows that the potential vector species P. sergenti dominates on the lower scale of the elevation gradient and that the potential vector species P. papatasi dominates in high-altitude areas like Chitral. However, exhaustive surveys are needed to develop an understanding of variability in sand fly fauna across the elevation gradients in order to devise future control programs targeting the potential vector species.
Conclusions
Cutaneous leishmaniasis has emerged as a major public health issue in various regions of Khyber Pakhtunkhwa. A number of environmental factors such as elevation gradients, human population density, deforestation, precipitation and temperature affect its occurrence in Chitral. Two potential vector species dominate the sand fly fauna: P. papatasi and P. sergenti. Steps should be taken to control the vector population in Chitral, by educating the community about sand-flies or initiating control programs. In Dir, samples were collected from Timergara, Balambat, Khail and Warae [2] . In North Waziristan, samples were taken in Drezanda, Damdil and Datta khel [22] . In Peshawar, samples were collected in Tehkal [61] .
